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The thermal conversion (pyrolysis) of biomass for energy production and the incorporation 
into agricultural soils of the carbon-rich byproduct (biochar) can contribute to the miti¬ 
gation of climate change. The beneficial effect of biochar on soil fertility and its stability to 
degradation depends on the interactions of soil and climatic conditions with biochar 
physicochemical properties, the latter mainly depend on feedstock and pyrolysis condi¬ 
tions. The aim of the present research was to study the effect of pyrolysis temperature on 
physicochemical properties of miscanthus (Miscanthus x giganteus) biochar and on its 
short-term stability. Biochar properties were assessed by FTIR spectroscopy, CHN- 
elemental and simultaneous thermogravimetry (STA) analyses and the short-term stabil¬ 
ity in a 6-month incubation experiment. All the analytical techniques indicated a threshold 
value of pyrolysis temperature of 360 °C, above which the thermal and biological resistance 
to degradation increased dramatically. FTIR spectroscopy showed characteristic absorption 
bands of cellulose and hemicelluloses (1000—1200 cm -1 ) in the low-temperature biochars 
that disappeared in high-temperature biochars. In these latter the absorption peaks 
associated with aromatic structures increased as confirmed by the decrease of both O/C 
and H/C ratios. This finding agrees with the STA results showing an increase of DTG 
temperature peak for high pyrolysis temperatures biochars. The incubation experiment 
confirmed an increased resistance to biological decomposition of biochar produced at 
temperatures above 360 °C. The results of the present study demonstrate that biochar 
thermal and biological stability is affected by pyrolysis temperature in a nonlinear manner. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Producing energy from renewable sources and improving 
environmental sustainability by reducing nutrient leaching, 


greenhouse gas (GHG) emissions, sequestering carbon (C) and 
increasing soil fertility are key points of the current European 
agro-ecological policy [1]. The thermal conversion of plant 
biomass and the incorporation into agricultural soils of its C- 
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rich by-product, biochar, can contribute to achieving these 
ambitious goals [2—5]. In temperate climates, miscanthus 
(Miscanthus x giganteus ) is one of the most promising energy 
crops, as it is a fast-growing species with low nutrient re¬ 
quirements and high yields [6,7]. Miscanthus has been proven 
to be a valuable crop for co-firing with coal to produce power 
and reduce C0 2 emissions [8—10]. However, thermo-chemical 
conversion processes, such as pyrolysis, are proposed to be a 
more efficient multipurpose technology than combustion to 
produce power, heat and sequester carbon, especially when 
biochar is used as a soil amendment [11,12], Recently, biochar 
obtained from miscanthus has been studied either because its 
increasing availability as a feedstock for second generation 
biofuels [13,14] or for its natural enrichment in 13 C which 
make it a useful tool to study the fate of the biochar C after 
biochar application to the soil [15] or its effect (priming) on soil 
organic matter (SOM) [16]. 

Due to contrasting results, the effect of biochar on soil 
properties and crop productivity as well as the stability of 
biochar to microbial decomposition is still under debate [17], A 
recent meta-analysis of the biochar effect on plant produc¬ 
tivity, based on 103 published studies, found that biochar soil 
amendment increased crop productivity by 11% on average, 
although large differences among studies have been observed 
depending on experimental conditions [18]. Similarly, the ef¬ 
fect of biochar on nutrient leaching and immobilization was 
found to depend on biochar characteristics, soil properties 
and climatic conditions [19—21]. For example, Kameyama 
et al. [22], studying the effect of biochar on nitrate (NOj) 
leaching found that NOJ was weakly sorbed to biochar sur¬ 
faces, but sorption increased with pyrolysis temperatures due 
to the formation of base functional groups. Also the short¬ 
term stability of biochar was found to depend on feedstock, 
temperature of pyrolysis and application rate [23-26], The 
pyrolysis temperature seems to affect also the interaction of 
biochar with the biogeochemical processes that drive the GHG 
production. For example, Ameloot et al. [27] found that bio¬ 
char produced at high pyrolysis temperatures reduced the 
cumulative (biochar- + SOM-derived) C0 2 and N 2 0 fluxes 
more than biochars produced at low temperatures. The 
beneficial effect of biochar on soil fertility and its stability to 
degradation seem to be highly dependent on the interactions 
of biochar physicochemical properties with soil and climatic 
conditions. In this context, feedstock properties and pyrolysis 
conditions such as temperature and residence time are the 
major contributing factors to the physicochemical character¬ 
istics of biochar [28], Different feedstocks differ in both 
elemental composition and content of cellulose, lignin, 
hemicelluloses, waxes, etc., all of which influence the chem¬ 
ical and physical structure of the biochar [29,30], Depending 
on pyrolysis temperature, biomass feedstock undergoes 
several chemical and physical changes. Among them, changes 
in C/N, O/C, and H/C ratios, cation exchange capacity (CEC), 
porosity, increase in aromatic carbon—carbon double bonds 
(C=C) and a decrease in O-H and CH 3 have frequently been 
reported in the literature [31-34], Specifically, the pyrolysis 
occurs via a series of complex reactions that can be divided 
into stages according to the temperature of degradation for 
the hemicelluloses (220-315 °C), cellulose (315-400 °C) and 
lignin (>400 °C) [35], As a consequence, it is a key point to 


characterise biochars produced at different pyrolysis tem¬ 
perature with appropriate analytical techniques in order to get 
information on the biochar chemical structure and physical 
characteristics that can be associated with biochar stability 
and agronomic benefits. 

The aims of this research are: i) to investigate by means of 
simultaneous thermogravimetric analysis (STA) and Fourier 
transform infrared (FTIR) spectrometry the physicochemical 
properties of five different miscanthus biochars produced 
between 350 and 450 °C, ii) to assess the short-term stability of 
these biochars by measuring the mineralization rates in a six- 
month incubation experiment, iii) to assess the relationship 
between the biochar physicochemical properties and the 
short-term stability in soil conditions. 


2. Materials and methods 

2.1. Biochar production 

Biochar was produced by the Biomass Technology Group 
(BTG) B.V. (Enschede, NL) from miscanthus cultivated in the 
Groningen province, Netherlands (53° 13'00" N, 6° 34'00" E), and 
chipped to ~20—40 mm prior to pyrolysis. The pyrolysis unit 
used by BTG consists of a screw reactor indirectly heated by 
means of the hot gas derived from a combustor. The biomass 
(average moisture and ash mass fraction of 11% and 2.3%, 
respectively), was manually fed into an initial screw reactor 
and subjected to temperatures around 120—130 °C to reduce 
the moisture content. After passing through the initial screw 
reactor, the biomass was then pyrolysed in a second screw 
reactor at different pyrolysis temperatures (350, 360, 370, 400 
& 450 °C). Both reactors consist of two concentric tubes, the 
inner tube holds a conveyor while the outer shell acts as the 
heating jacket. The reactors are heated by the combustion of 
vapours and gasses originating from the pyrolysis process and 
conveyed to a combustor in which they are mixed with air and 
combusted at an operating temperature of 850 °C. The resi¬ 
dence times in the second screw reactor at pyrolysis tem¬ 
peratures averaged 14.7 ± 0.4 min and biochar yields 
(expressed as mass fraction of the original wet biomass) var¬ 
ied between 31% and 73% for 450 and 360 °C, respectively 
(Table 1). 

2.2. Elemental analysis of biochars and soil 

Carbon (C), nitrogen (N) and hydrogen (H) content of biochars, 
feedstock and soil were determined by dynamic flash com¬ 
bustion using a Thermo Flash 2000 elemental analyzer 
(Thermo Fisher Scientific Inc., USA). Oxygen (O) content was 
calculated by difference (100% -C, H,N, O, ash %). The 
elemental analyzer (EA) was configured with a pre-packed 
oxidation and reduction column consisting of chromium 
oxide and silvered cobaltous/ic oxide (OEA Labs Ltd, United 
Kingdom). The system gas flow rates were, He carrier gas (flow 
rate 100 mL min -1 ), reference gas flow rate (250 mL min -1 ), 0 2 
injection of 5 s (flow rate 240 mL min -1 ) and a 12-s sample 
delay. Prior to analysis samples were oven dried at 105 °C, ball 
milled and weighed (~2 mg) in triplicate into tin capsules. 
Samples were then run using the system described above with 
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Table 1 - Residence time, yield (% of the original wet biomass remaining after pyrolysis), elemental composition (ash free), 
pH and field capacity (FC) of miscanthus, biochar and soil samples (n = 3, mean ± standard deviation for CNH composition, 
pH and FC). 


Residence time (min) 

Yield (%) 

N (%) 

C (%) 

H (%) 

o (%) 

pH 

FC (gkg- 1 ) 

Miscanthus 

- 

- 

0.31 ± 0.01 

46.34 ± 0.14 

5.88 ± 0.03 

47.62 

6.36 ± 0.07 

309.9 ± 13.3 

Biochar 350 °C 

15.1 

70 

0.30 ± 0.03 

50.95 ± 0.20 

5.76 ± 0.61 

43.14 

6.90 ± 0.02 

236.9 ± 11.1 

Biochar 360 °C 

14.8 

73 

0.32 ± 0.02 

51.83 ± 0.35 

5.91 ± 0.27 

42.09 

7.17 ± 0.01 

207.3 ± 2.5 

Biochar 370 °C 

14.0 

40 

0.58 ± 0.10 

68.16 ± 0.37 

5.05 ± 0.92 

26.46 

8.63 ± 0.04 

290.0 ± 15.3 

Biochar 400 °C 

15.1 

37 

0.64 ± 0.00 

69.84 ± 0.39 

4.65 ± 0.00 

25.11 

8.83 ± 0.01 

486.6 ± 15.1 

Biochar 450 °C 

14.3 

31 

0.56 ± 0.01 

72.61 ± 0.76 

4.21 ± 0.06 

22.91 

9.25 ± 0.01 

450.7 ± 17.2 

Soil 

- 

- 

0.12 ± 0.03 

1.87 ± 0.16 

0.53 ± 0.03 

47.62 

5.10 ± 0.02 

71.7 ± 0.2 


certified reference samples with similar C/N ratios every 15 
experimental samples. 

2.3. Field capacity and pH of biochars 

The biochar and soil pH were determined by mixing soil or 
biochar with de-ionized (DI) water (ratio of 1:1 by weight), the 
sample was then left to stand for 10 min before measuring the 
pH with a pH meter (Mettler-Toledo, USA). 

The soil and biochar field capacity (FC) was determined 
gravimetrically as the amount of water held after saturation 
and subsequent free drainage of water from the samples. The 
soil and biochar were placed in a folded Whatman 42 filter 
paper placed in funnel that was suspended over a conical 
flask. The samples were then fully saturated with water and 
allowed to drain for 2 h. Biochar samples were shaken with DI 
water for 2 h to allow the pores to become fully saturated 
before drainage. Field capacity was then determined as mass 
of water retained per mass of dry soil or biochar. 

2.4. Thermal analysis 

Thermal analysis (thermogravimetric/TG) and derivative 
(DTG) profiles of dried and ball milled feedstock and biochar 
obtained at 350, 360, 370,400 and 450 °C were obtained using a 
simultaneous thermogravimetric analyser (STA 449 F3, 
Netzsch, Germany) at the applied laboratory of NETZSCH- 
Geratebau in Selb, Germany. STA analyses were performed 
under inert helium atmosphere at a constant heating rate of 
10 K min -1 in a temperature range from ambient temperature 
to 1000 °C. 

2.5. FTIR spectroscopy 

The FTIR spectra of the miscanthus feedstock and the biochar 
samples obtained at 350, 360, 370, 400 and 450 °C were recor¬ 
ded on a Bruker Tensor 27 spectrophotometer (Bruker, USA). 
The instrument was fitted with a platinum accessory for 
attenuated total reflectance (ATR). Samples could thus be 
analysed without KBr dilution. Spectra were an average of 64 
scans at a resolution of 4 cnr 1 . 

2.6. Biochar incubation in soil 

The biochar incubation assays were performed using soil 
collected from the plough layer (0—30 cm) of an arable field in a 
commercial farm near Lincolnshire, England (53°18'190"N, 
0°34'040"W). The soil characteristics are reported in Table 1. 


The soil was air dried and sieved (2 mm), then 10 g of soil and 
5 g of biochar or miscanthus biomass were mixed in triplicate 
in 50 mL tubes (BD Falcon, BD biosciences, USA). Deionized 
(DI) water was then added to the mixture to achieve 65% of FC. 
The total weight was recorded so that moisture content could 
be maintained throughout the 169-day incubation by weigh¬ 
ing every two weeks and adding DI water to bring the sample 
weight back to the original mass. Assay tubes were stored in a 
ventilated incubator at 10 °C without lids to prevent build-up 
of C0 2 and reductions of 0 2 in the headspace, which would 
inhibit microbial activity. Tubes were covered with Parafilm 
perforated to reduce evaporative moisture losses. The soil C0 2 
flux was measured 1, 50, 111 and 169 days after the biochar 
soil addition and expressed as |ig of C0 2 per hour per gram of C 
content of the soil and biochar mixture. For this purpose the 
tubes were capped with a lid modified with an isobutylene- 
isoprene rubber septa and an O-ring, flushed with C0 2 -free 
air at 100 kPa pressure for 2 min through two needles inserted 
in the septa prior to incubation at 10 °C overnight. To sample 
the headspace air 10 mL of pure N 2 were firstly injected into 
the sealed tube using a 25 mL gas tight syringe (SGE Analytical 
Science, Australia). The syringe was flushed three times to 
allow the adequate mixing of the headspace. Fifteen mL of gas 
were then pulled back into the syringe, and 10 mL of them 
were injected into a 12 mL screw capped glass vial (Exetainer, 
Labco Ltd, United Kingdom) pre-filled with N 2 de-gassed DI 
water. A second syringe needle inserted just through the septa 
of the inverted vial allowed the water to be displaced by the 
10 mL of headspace gas sample. Then the second syringe 
needle was removed and the remaining 5 mL of gas sample 
injected to over pressurize the sample in the vial. The vials 
were then stored inverted at room temperature and in dark 
condition until analysis. 

To determine the C0 2 concentration 5 mL of the sample gas 
were injected in the gas chromatograph (GC Agilent 7890A, 
Agilent Technologies, USA) fitted with a FID with a methaniser 
in series, TCD and |iECD. Samples were injected via a split/ 
splitless injector onto a Poroplot Q capillary column and then 
split to the three detectors via a microfluidic dean switch. The 
GC was run isothermally at 40 °C, and the FID, |iECD at 300 °C 
and 350 °C respectively. 

2.7. Data analysis 

The effect of pyrolysis temperature on C0 2 efflux from 
biochar-treated soil has been analysed as a repeated measures 
experiment using the General Linear Models (GLM) procedure 
in SPSS v. 20 software (IBM corporation, USA) with pyrolysis 
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temperature as between-subject factor and time as within- 
subject repeated factor. The prerequisite of the sphericity of 
the variables was tested by Mauchly’s sphericity test and 
when the sphericity was not satisfied the Epsilon of Green¬ 
house — Geiser correction was used. A multiple comparison 
procedure was then used to analyse statistically differences 
among means using the Duncan’s multiple comparison pro¬ 
cedure (p < 0.05). The effect of pyrolysis temperature on 
cumulated C0 2 flux at the end of the incubation was tested by 
one way ANOVA with Statgraphics Centurion XV software 
(StatPoint Inc., USA). Differences among the means were 
tested with the Tukey’s honestly significance differences 
(HSD) procedure. 


3. Results 

3.1. Elemental characterization of biochar 

Table 1 shows the main characteristics of the miscanthus 
feedstock and biochars produced at different temperatures. 
The biochar yield expressed as percent of the original wet 
biomass remaining after pyrolysis, decreased with increasing 
reactor temperature. While the O and H content markedly 
decreased with increasing pyrolysis temperature, the opposite 
happened to C and N content. The largest change in biochar 
elemental composition was observed between pyrolysis 
temperatures of 360 and 370 °C (Table 1). This can be well 
represented by the Van Krevelen diagram (Fig. 1), where 
increasing pyrolysis temperature results in a biochar compo¬ 
sition more similar to that of charcoal. The O/C and H/C ratio 
decreased with increasing pyrolysis temperature, with the 
greatest changes in the elemental composition occurring be¬ 
tween 360 and 370 °C. After this “threshold” value, further 
increases in pyrolysis temperature produced only slight 


Temperature (°C) 



Fig. 2 - DTG profiles of miscanthus and biochar samples 
obtained at 350 °C, 360 °C, 370 °C, 400 °C and 450 °C 
(Temperature in function of DTG signal - % min -1 ). 


□ Miscanthus 

□ Biochar 350°C 

H Biochar 360°C 

■ Biochar 370°C 

■ Biochar 400"C 

■ Biochar 450“C 
x Lignite 
+ Charcoal 

00 02 04 06 08 10 x Anthracite 

O/C ratio 

Fig. 1 - Van Krevelen plot of elemental ratios for 
miscanthus biochars obtained at 350 °C, 360 °C, 370 °C, 
400 °C and 450 °C, lignite [51] anthracite [52] and charcoal 

[53]. 


changes in both H/C and O/C ratio (from 0.88 to 0.69 and from 
0.29 to 0.24, respectively) (Fig. 1). 

3.2. Field capacity and pH 

There was an increase in the biochar pH with increasing py¬ 
rolysis temperature from 6.36 to 9.25 for the feedstock and the 
biochar produced at 450 °C, respectively. The largest increase 
in biochar pH as function of pyrolysis temperature was 
observed between 360 °C and 370 °C (Table 1). The FC was 
lower for biochars produced at 350—370 °C, and higher for 
biochars produced at 400 °C and 450 °C compared to the 
feedstock (Table 1). 

3.3. Thermal analysis 

The thermal degradation of the biochar samples occurred in 
one step, which broadened with increasing pyrolysis tem¬ 
perature as can be observed by the DTG profiles (Fig. 2). The 
thermal degradation behaviour of biochar produced at 350 
and 360 °C was similar to that of the feedstock. The thermal 
degradation profile of the original feedstock showed a shoul¬ 
der between 270 and 300 °C, which disappeared in the 
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biochars. In these three cases the thermal degradation started 
at 250 °C and ended at around 400 °C with a 70% mass loss 
(Table 2, Fig. 3). 

Thermal degradation profiles changed significantly at py¬ 
rolysis temperatures greater than 360 °C (Figs. 2 and 3). The 
degradation reactions occurred over a much broader tem¬ 
perature range between 300 and 600 °C. Generally, the higher 
the pyrolysis temperature the higher the DTG peak tempera¬ 
ture and the residual mass (Table 2). 

3.4. FTIR spectroscopy 

The ATR-FTIR spectra of the miscanthus feedstock and the 
miscanthus biochar obtained at 350, 360, 370, 400 and 450 °C 
are shown in Fig. 4. Biochar produced at 350 and 360 °C had 
spectral features similar to that of the original feedstock 
(bands between 1200 and 1000 cm -1 ). Higher pyrolysis tem¬ 
peratures, i.e. 370, 400 and 450 °C induced a broadening and 
decreasing intensity of the O—H stretching of the hydroxyl 
groups at 3200-3400 cnr 1 due to the loss of hydration. In 
addition, absorption intensities at 1610—1740 cm -1 arising 
from C=0 stretching of ketones and other carbonyl structures 
disappeared in the biochar samples obtained at temperatures 
>360 °C. Temperatures higher than 360 °C also caused the 
disappearance of the peak at 1030 cm" 1 due to C—O and 
C—O—C stretching, which is characteristic of the anomeric 
region of cellulose-like structures. Concomitantly, at 
370-450 °C, sharp absorption peaks arise at 1590 cm" 1 due to 
aromatic C=0 and C=C stretching. Higher pyrolysis temper¬ 
atures (>360 °C) caused also an increase in FTIR signals in the 
fingerprint region between 700 and 850 cm" 1 which is char¬ 
acteristic of aryl C-H and/or aryl C—O groups. 

3.5. Biochar incubation in soil 

The C0 2 flux normalized for the C content of the soil/biochar 
mixture was significantly greater (p < 0.05) for the feedstock 
than for all the other charred materials (Fig. 5a and b). How¬ 
ever, the biochars produced at temperatures higher than 
370 °C emitted less C0 2 than that of all the other biochars 
(Fig. 5a and b) (p < 0.05), and the C0 2 flux remained almost 
constant throughout the experimental time (Fig. 5a). By 
contrast the C0 2 flux of feedstock and biochars produced at 
temperatures lower than 370 °C showed a peak at the first 
sampling time (day 1) followed by a sharp decrease at the 


Table 2 - Thermogravimetric temperature loss from 
ambient temperature to 648 °C, peak temperatures of the 
derivative (DTG) profiles and the residual mass loss at 
648 °C for Miscanthus and biochars obtained at 350, 360, 
370, 400 and 450 °C. 


Sample TG loss up DTG peak Residual mass 
to 648 °C (%) temperature (°C) at 648 °C (%) 


Miscanthus 78.86 

Biochar 350 X 64.79 

Biochar 360 X 65.30 

Biochar 370 X 32.80 

Biochar 400 X 25.55 

Biochar 450 X 20.51 


369.5 18.05 

341.1 33.36 

342.6 32.30 

405.8 63.70 

450.1 69.65 

481.2 73.15 



Temperature (°C) 


Fig. 3 - Thermogravimetric mass loss in function of 
temperature for miscanthus and biochar samples obtained 
at 350 °C, 360 °C, 370 °C, 400 °C and 450 °C. 


second sampling time (day 50). The statistical analysis 
showed that C0 2 fluxes emitted by biochars produced at 350 
and 360 °C are significantly different from those of the feed¬ 
stock and biochars produced at higher temperatures (p < 0.05). 


4. Discussion 

4.1. Biochar basic characterization 

The yield of biochar decreased as expected [36] with 
increasing the temperature of pyrolysis (Table 1), as a result of 
a greater thermal decomposition of organic material. How¬ 
ever, the biochar yields obtained at 350 °C and 360 °C are 
higher than those reported for slow pyrolysis from similar 
feedstock [24,37]. The shorter residence time compared to the 
above mentioned studies and the moderate severity of the 
process for the two lower temperatures have likely produced 
just a partial degradation of cellulose and hemicelluloses as 
was confirmed by the STA and FTIR analyses (see Sections 3.3 
and 3.4). 

The FC or water holding capacity of charred plant material 
has been related to its total pore volume and porosity struc¬ 
ture [38,39], which in turn, is controlled by pyrolysis condi¬ 
tions and the chemistry and physical structure of the original 
biomass feedstock [40]. In this study the FC of biochars pro¬ 
duced at 350 °C and 360 °C is lower than that of the original 
feedstock, increasing for pyrolysis temperature >360 °C (Table 
1). Brewer et al. (unpublished data) characterising the porosity 
of the same set of biochars, found a limited pore connectivity 
of the two lowest temperatures biochars and postulated a 
pore occlusion by condensation of volatiles which could 
explain the lower FC. The observed trend of FC values in 
relation to pyrolysis temperature >360 °C, agrees with the 
results published by Kinney et al. [37] for slow pyrolysis bio¬ 
char produced from corn stover. The authors found an 
optimal pyrolysis temperature, comprised between 400 and 
600 °C for which the porosity and consequently FC reaches a 
maximum. 
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Fig. 4 - Stacked FTIR spectra of miscanthus and biochar samples obtained at 350 °C, 360 °C, 370 °C, 400 °C and 450 °C. 




Duration of incubation (days) 


Fig. 5 - A) Measured soil C0 2 efflux based on fixed C 
content after application of different biochar and 
miscanthus feedstock. B) Cumulative C0 2 flux based on 
fixed C content of soil plus biochar and miscanthus 
feedstock. Values are the mean (n = 3) ± S.E. (bars). 
Different letters indicate statistically different values 
(p < 0.05). 


The rise in biochar pH with increasing pyrolysis temper¬ 
ature (Table 1) has been widely reported [17,34,37] and 
associated with the increase in ash content and oxygen 
functional groups occurring during the thermo-chemical 
conversion of the biomass [37], Schneider et al. [41] 
observed that pH, C content, degree of condensation, spe¬ 
cific surface area and sorption capacity increased together 
with pyrolysis temperatures while biochar degradability 
decreased. The Van Krevelen diagram (Fig. 1) depicts two 
groups of biochar: one similar to the miscanthus feedstock 
and one produced above 360 °C closer to lignite, charcoal and 
anthracite. Increasing pyrolysis temperature decreases the 
H/C and O/C ratios indicating that the structural trans¬ 
formations induce a carbonization process. Spokas [42] 
suggested that the O/C molar ratio is the most reliable pre¬ 
dictor of the biochar stability. Biochars with O/C ratio 
comprised between 0.2 and 0.6, as the ones produced at 
temperatures >360 °C in our study (Fig 1), have been sug¬ 
gested to have a very long half-life (100-1000 years) [42]. 
More recently Schimmelpfennig & Glaser [43] proposed the 
combined use of H/C and O/C ratios as a tool to assess the 
biochar stability with threshold values of H/C < 0.6 and 0/ 
C < 0.4. In the present study miscanthus biochar produced at 
temperatures >360 °C is under the above-mentioned limit of 
the O/C ratio but over that of H/C ratio (Fig. 1). Hammes et al. 
[44] found that a H/C ratio of 0.3 is typical of very highly 
condensed aromatic ring systems while a H/C of around 0.7, 
as that of the biochar produced at temperatures >360 °C in 
the present study, points to a non-condensed aromatic 
structure such as lignin. The high values of O/C and H/C of 
biochars produced at 350 and 360 °C suggests low stability 
and short half-live [43]. 
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4.2. Thermal analysis 

The DTG profiles of biochars produced at temperatures below 
360 °C are similar to that of the original feedstock (Fig. 2). Yang 
et al. [45] showed that hemicellulose and cellulose start 
degrading at 220-315 °C and 315—400 °C, respectively. Lignin, 
on the other hand has a slow degradation with a low mass loss 
rate over a broader temperature range (100-900 °C). The 
Miscanthus feedstock and biochars produced at temperatures 
below 360 °C have one narrow peak (Fig. 2) between 250 and 
400 °C, indicating that those degradation reactions are most 
likely due to the loss of hemicellulose and/or cellulose still 
present in the biochar structure. The DTG curve of the original 
feedstock shows a clear shoulder around 270-300 °C, which 
disappears in the DTG profiles of the biochars (Fig. 2). As re¬ 
ported by other authors [45,46], it is reasonable that this 
shoulder is caused by the thermal decomposition of hemi¬ 
cellulose. Biochars obtained at temperatures above 360 °C 
show broader thermal degradation reactions ending at 600 °C 
due to a series of complex chain reactions characteristic of 
lignin and lignin-like structures as was confirmed by the O/C 
ratio around 0.7, which is characteristic of non-condensed 
aromatic structures [44]. Thermal analysis has confirmed 
that pyrolysis temperature affects the biochar structure 
influencing its recalcitrant characteristics. 

4.3. FT-IR spectroscopy 

Thermal analysis results were consistent also with the evo¬ 
lution of FTIR spectra in relation to charring temperature 
(Fig. 4) which show dehydration and formation of aromatic 
structures with increasing pyrolysis temperature. Again, the 
two groups of biochar can be very well distinguished. Low 
pyrolysis temperatures (<360 °C) biochars behave like the 
feedstock and maintain a certain hydration and a 
carbohydrate-like structure. In fact, FTIR spectra still main¬ 
tain characteristic spectral features of cellulose and hemicel¬ 
lulose (bands between 1200 and 1000 cm -1 due to C-O—C and 
C—O stretchings) [45]. Higher pyrolysis temperatures (>360 °C) 
cause almost a complete loss of hydration (disappearance of 
O-H stretching bands at 3500-3200 cm -1 ) with a concomitant 
increase in aromaticity [33,47,48], Aromatic skeletal vibrations 
(around 1160-1580 cnr 1 2 and 1430-1400 cm -1 ) and aromatic 
C—H deformation (850—780 cm 1 ) become in fact dominant in 
the FTIR spectra of biochars obtained at temperatures >360 °C. 
In addition, temperatures >360 °C lead to the disappearance of 
functional groups as carboxyl, carbonyl and hydroxyl groups, 
i.e. the labile carbon fraction [47,48]. Since biochar might be 
used as soil amendment these functional groups could play a 
fundamental role in terms of its contribution to negative 
sorption sites, which are the main contributors of the cation 
exchange capacity in soil having thereby a positive impact on 
nutrient availability and release dynamics. 

4.4. Biochar incubation in soil 

The incubation experiment confirmed a step change in sta¬ 
bility between biochars produced at 350—360 °C and those 
produced at 370-450 °C (Fig. 5b). This finding agrees with that 
of Zimmerman [23] who found decreasing mineralization 


rates with increasing charring temperatures, using 6 slow 
pyrolysis biochars produced from different feedstocks. 

Peng et al. [49] incubated for a short period (11 days) slow 
pyrolysis rice straw biochars produced at temperatures 
similar to those of our experiment and found a similar 
mineralization rate pattern that was explained by the removal 
of the aliphatic structure and the relative increase in aromatic 
compounds with high pyrolysis temperatures, as was clearly 
confirmed by the FTIR spectra of the present study (Fig. 4). 
These results confirm the conceptual model for degradation of 
fresh biochar [23,50] whereby the biochar would be consti¬ 
tuted by two pools: an aliphatic portion that is more readily 
mineralized and is less abundant in biochar produced at 
higher temperatures and an aromatic portion that is oxidized 
more slowly. 


5. Conclusions 

Thermal analysis coupled with spectroscopic techniques was 
applied to characterize miscanthus biochar obtained by py¬ 
rolysis at different temperatures (350, 360, 370, 400 & 450 °C). 
Both analytical techniques have shown to be useful tools to 
assess the chemical and physical characteristics of biochar 
associated with its stability in soil as confirmed by the 
mineralization rates measured in the incubation experiment. 
Stability is a fundamental characteristic for the potential use 
of biochar both as geoengineering tool for carbon sequestra¬ 
tion and agro-technique for enhancing chemical, biological 
and physical soil fertility. Together with heating rate and 
feedstock characteristics, pyrolysis temperature has proven to 
be a fundamental parameter in determining the biochar 
chemical structure, physical properties and stability. All the 
analytical techniques agree in identifying a threshold value of 
pyrolysis temperature at 360 °C, above which the thermal and 
biological resistance to degradation increased dramatically. 
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